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A B S T R A C T   

Ethnopharmacological relevance: Ephedra sinica Stapf is a widely used folk medicine in Asia to treat lung diseases, 
such as cold, cough and asthma. Many efforts have revealed that some traditional Chinese medicine (TCM) 
prescriptions containing Ephedra sinica could effectively alleviate the symptoms and prevent the fatal deterio-
ration of COVID-19. 
Aim of the study: The present study aims to discover active compounds in Ephedra sinica disrupting the interaction 
between angiotensin-converting enzyme 2 (ACE2) and the SARS-CoV-2 spike protein receptor-binding domain 
(SARS-CoV-2 RBD) to inhibit SARS-CoV-2 virus infection. 
Materials and methods: The ethanol extracts of Ephedra sinica were prepared. Activity guided isolation of con-
stituents was carried out by measuring the inhibitory activity on ACE2-RBD interaction. The structures of active 
compounds were identified by HPLC-Q-TOF-MS/MS and NMR. To testify the contribution of main components 
for the inhibitory activity, different samples were prepared by components knock-out strategy. The mechanism of 
compounds inhibiting protein-protein interaction (PPI) was explored by competition inhibition assays, surface 
plasmon resonance (SPR) assays and molecular docking. SARS-CoV-2 S protein-pseudoviruses were used to 
observe the viropexis effect in cells. 
Results: Ephedra sinica extracts (ESE) could effectively inhibit the interaction between ACE2 and SARS-CoV-2 RBD 
(IC50 = 95.01 μg/mL). Three active compounds, 4,6-dihydroxyquinoline-2-carboxylic acid, 4-hydroxyquinoline- 
2-carboxylic acid and 4-hydroxy-6-methoxyquinoline-2-carboxylic acid were identified to inhibit ACE2-RBD 
interaction (IC50 = 0.58 μM, 0.07 μM and 0.15 μM respectively). And knock-out the three components could 
eliminate the inhibitory activity of ESE. Molecular docking calculations indicated that the hydrogen bond was 
the major intermolecular force. Finally, our results also showed that these compounds could inhibit the infec-
tivity of SARS-CoV-2 S protein-pseudoviruses to 293T-ACE2 (IC50 = 0.44–1.09 μM) and Calu-3 cells. 
Conclusion: These findings suggested that quinoline-2-carboxylic acids in Ephedra sinica could be considered as 
potential therapeutic agents for COVID-19. Further, this study provided some justification for the ethnomedicinal 
use of Ephedra sinica for COVID-19.   

1. Introduction 

Coronavirus disease 2019 (COVID-19) caused by a novel coronavirus 
known as severe acute respiratory syndrome coronavirus 2 (SARS-CoV- 
2) (Wu et al., 2020; Zhu et al., 2020). Since the outbreak of the disease at 
the end of 2019, about 200 countries and regions have reported this 
epidemic. In addition, more than 130 million people worldwide have 

been infected with this virus. It poses a huge threat to people’s lives and 
health (Wang, D. et al., 2020a). Therefore, it is urgent to produce vac-
cines or to develop new drugs to combat this extremely dangerous 
coronavirus disease (Riva et al., 2020). 

It was reported that the spike (S) protein of coronavirus benefits the 
virus to enter target cells (Xia et al., 2019). Many researches showed that 
SARS-CoV-2 bound to angiotensin-converting enzyme 2 (ACE2) via the 
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receptor binding domain (RBD) in the homotrimeric spike glycoprotein 
(Hoffmann et al., 2020; Lan et al., 2020; Shang et al., 2020). Then the 
SARS-CoV-2 S protein was proteolytically activated by human proteases 
to mediate its entry into the cells (Gioia et al., 2020; Walls et al., 2020). 
Targeting the interaction between the SARS-CoV-2 S protein and the 
human ACE2 receptor is currently considered to be a promising thera-
peutic strategy (Wang, Q. et al., 2020b). 

Since the pandemic, traditional Chinese medicine has been widely 
used and played an important role in the prevention and treatment of 
COVID-19. Ephedra sinica Stapf is a widely used folk medicine in Asia to 
treat lung diseases, such as cold, cough and asthma (Miao et al., 2020). 
And Ephedra sinica has been used against acute airway diseases for 
thousands of years in ancient China (Eng et al., 2019). Many efforts have 
revealed that some TCM prescriptions containing Ephedra sinica could 
effectively alleviate the symptoms and prevent the fatal deterioration of 
COVID-19 such as Lianhuaqingwen capsule/granule (Hu et al., 2020; 
Xiao et al., 2020), Qingfei Paidu decoction (Lee et al., 2021), Huashi 
Baidu granule (Huang, 2021) and Jinhua Qinggan granule (Liu, Z et al., 
2020b). However, the active components and mechanisms of Ephedra 
sinica remain obscure. At present, many researchers have attempted to 
find the active components by virtual screening (Xia et al., 2021; Zhang 
et al., 2020). However, the microconstituents or unconventional active 
molecules may be neglected by using this method. 

The present study aims to discover active compounds disrupting the 
protein-protein interaction (PPI) of ACE2-RBD to inhibit SARS-CoV-2 
virus infection from Ephedra sinica extracts (ESE). Activity guided 
isolation of constituents was carried out by measuring the inhibitory 
activity on ACE2-RBD interaction. The structures of active compounds 
were identified HPLC-Q-TOF-MS/MS and NMR. Further, we investi-
gated whether ESE and these active compounds (quinoline-2-carboxylic 
acids) could inhibit the infection of SARS-CoV-2 pseudoviruses to 293T- 
ACE2 and Calu-3 cells. 

2. Materials and methods 

2.1. Materials and reagents 

Dried stems of Ephedra sinica Stapf were obtained from Inner 
Mongolia Autonomous Region and authenticated by Professor Boyang 
Yu of the School of Traditional Chinese Pharmacy, China Pharmaceu-
tical University in April 2019. A voucher specimen (No.20190413) was 
deposited at the herbarium of Jiangsu Key Laboratory of TCM Evalua-
tion and Translational Research, China Pharmaceutical University. 4,6- 
dihydroxyquinoline-2-carboxylic acid, 4-hydroxyquinoline-2-carboxylic 
acid and 4-hydroxy-6-methoxyquinoline-2-carboxylic acid isolated from 
ESE in our laboratory were used as reference substances. The purity of 
each compound was determined to be >98% by HPLC. 

SARS-CoV-2 S protein RBD (Cat.No.SPD-C52H3), human ACE2 
protein (Cat.No.AC2-H5257), biotinylated SARS-CoV-2 S protein RBD 
(Cat.No.SPD-C82E9), biotinylated human ACE2 (Cat.No.EP-105A011), 
streptavidin-HRP (Cat.No.EP-105A003) were purchased from Acrobio-
systems (Beijing, China). 3,3′,5,5′-Tetramethylbenzidine (TMB) (Cat. 
No.Z724742) was purchased from Sigma-Aldrich (St. Louis, MO, USA). 
COVID-19-GFP pseudovirus with SARS-CoV-2 S protein (Cat. 
No.20200424) was purchased from GENEWIZ (Jiangsu, China). 

2.2. Preparation of herb extracts 

Dried stems of Ephedra sinica Stapf were milled to powder. 2.0 g of 
the powder was weighed out and extracted in 100 mL of ethanol-water 
(70:30, v/v) at 25 ◦C for 30 min with ultrasound. The extract was 
filtered, evaporated to dryness and redissolved in 200 mL deionized 
water to a final crude drug concentration of 10 mg/mL. The extracts 
were stored at − 20 ◦C in small aliquots. 

2.3. Biotinylated binding assay 

The biotinylated binding assay was performed as described previ-
ously (Ho et al., 2007). Briefly, 96-well microplates (Corning, catalog # 
9018) were coated at 4 ◦C overnight with 100 μL of 0.5 μg/mL 
SARS-CoV-2 RBD, rinsed with 300 μL washing buffer (0.05% Tween 20 
in phosphate-buffered saline, pH 7.2) and blocked with 300 μL blocking 
buffer (2% bovine serum albumin in washing buffer) by incubating at 
37 ◦C for 1 h. The absorbed protein in each well was incubated with 50 
μL of 0.12 μg/mL biotinylated ACE2 and 50 μL sample at 37 ◦C for 1 h. 
Following three washes, 100 μL of streptavidin-HRP was added to each 
well and incubated at 37 ◦C for 1 h. After washed with washing buffer 
three times, 200 μL TMB substrate working solution was added to each 
well and incubated at 37 ◦C for 20 min. After adding 50 μL 1 M sulfuric 
acid, the absorbance was measured at 450 nm using a UV/Vis microplate 
spectrophotometer. To optimize the concentration of biotinylated ACE2 
to get a complete blocking curve, we performed the assay with bio-
tinylated ACE2 at five concentrations from 0.03 μg/mL to 0.48 μg/mL. 
Here, soluble recombinant human ACE2 was utilized as positive control. 
A dilution series of soluble recombinant human ACE2 (50 μL) was mixed 
with five constant concentrations of biotinylated ACE2 (50 μL) respec-
tively in the absorbed protein wells at 37 ◦C for 1 h. The following HPR 
binding and TMB colorimetric methods were as same as above. 

2.4. Surface plasmon resonance 

Surface plasmon resonance (SPR) measurements were performed at 
25 ◦C using a BIAcore T200 instrument. SARS-CoV-2 RBD and ACE2 
were immobilized on a CM5 sensor chip respectively, and a blank 
channel was employed as a negative control for each assay. The ligands 
were injected in two-fold serial dilutions over SARS-CoV-2 RBD or ACE2 
immobilized on the biosensor chip. The 1:1 binding model was used to 
assess binding kinetics. KD values were calculated with a kinetics model 
by BIAcore T200 analysis software. 

2.5. HPLC-Q-TOF-MS/MS 

HPLC-Q-TOF-MS/MS was performed with an Agilent 1260 HPLC 
system coupled with an Agilent 1260 diode array detector (DAD) and a 
Q-TOF 6530 mass spectrometer equipped with an electron spray ioni-
zation (ESI) interface. A Grace visionHT C18 column (5 μm, 4.6 × 250 
mm) was used for chromatographic separations. The mobile phase was 
water-formic acid (A; 100:0.1, v/v) and acetonitrile (B) and a gradient 
elution program of 0–10 min, 5% B; 10–50 min, 5%–20% B; 50–60 min, 
20%–25% B; 60–75 min, 25–35% B; 75–76 min, 35%–5% B; 76–85 min, 
5% B. The flow rate was 1.0 mL/min, the detection wavelength was 254 
nm and the column temperature was maintained at 35 ◦C. The ESI-MS 
positive-mode conditions were set as previously described (Guo et al., 
2019). 

2.6. Molecular docking 

Small molecule optimization, protein preparation, binding-site 
definition and molecular docking were all performed in Schrödinger 
Maestro chemical simulation software. The structures of the compounds 
were drawn by ChemBiodraw 14.0. LigPrep module was used for ligand 
preparation. The pH was set at 7.0 ± 2.0, and the tautomeric form was 
determined by the Epik program. The ligand was minimized using 
Optimized Potentials for Liquid Simulations (OPLS)-2005 force field in 
the Macro Model software module. The protein structure used in the 
docking studies was spike proteins of SARS-CoV-2 (PDB ID = 6VSB) 
(Wrapp et al., 2020), which was downloaded from the Research Col-
laboratory for Structural Bioinformatics protein data bank and prepared 
with Protein Preparation Wizard workflow. The RBD of the crystal 
structure was taken as the docking target, and receptor binding motif 
(RBM) was defined as the binding site. The potential compounds were 
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flexibly docked into the binding site with standard precision docking 
mode. The docking score, glide emodel, hydrogen bond and hydro-
phobic interactions between active site residues of RBM and compounds 
were recorded. 

2.7. Cell culture 

Human airway epithelial cells (Calu-3) and 293T cells transfected 
with ACE2 (293T-ACE2) were purchased from Shanghai Zhong Qiao Xin 
Zhou Biotechnology (Shanghai, China). Calu-3 cells were grown in 
minimum essential medium supplemented with 10% fetal bovine serum 
and 1% penicillin/streptomycin solution. 293T-ACE2 cells were grown 
in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal 
bovine serum and 1% penicillin/streptomycin solution. Cells were 
cultured at 37 ◦C in a humidified atmosphere with 5% CO2. 

2.8. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assay 

Cell viability was monitored by MTT colorimetric assay. Cells were 
cultivated in 96-well culture plates. After incubation at 37 ◦C for 24 h, 
various amounts of compounds were added into each well and incubated 
for another 24 h. Then cells were suspended in 100 μL of 10% FBS-MEM 
or FBS-DMEM containing 500 μg/mL MTT. After a 4 h incubation at 
37 ◦C, 150 μL dimethyl sulfoxide was added to dissolve the MTT for-
mazan. The absorbance value was measured at 570 nm using a micro-
plate reader. 

2.9. Infection with SARS-CoV-2 S protein-pseudoviruses 

SARS-CoV-2 S protein lentivirus-based pseudoviruses which were 
constructed by GENEWIZ (Jiangsu, China) were used in this study. 

SARS-CoV-2 spike protein can be expressed on the surface of the pseu-
doviruses and the virus carries GFP reporter genes, which can be used to 
evaluate the activity of pseudoviruses-infected cells by observing fluo-
rescence signal (Ou et al., 2020). 96-well plates were seeded with a 
solution of 1 × 104 cells in 100 μL medium per well and incubated at 
37 ◦C for 12 h. 1 μL of SARS-CoV-2 S protein-pseudoviruses (2.22 × 106 

TU/mL) were mixed with various amounts of compound in 100 μL 
medium and incubated at 37 ◦C. After 1 h incubation, the mixture was 
added to cells in the 96-well plates. After 6 h infection, cells were 
incubated in fresh medium for another 48 h. Cells were harvested and 
the fluorescence signal was observed by the fluorescence microscope or 
the microplate reader with excitation of 488 nm and emission of 510 nm. 

2.10. Statistical analysis 

The raw data were analyzed using GraphPad Prism 6.0 software. All 
data are presented as mean ± SEM (standard error of the mean) of six 
independent assays. A value of P < 0.05 was considered statistically 
significant. 

3. Results 

3.1. Establishment of the method for evaluating the inhibitory activity on 
ACE2-RBD interaction 

In order to measure the inhibitory activity on ACE2-RBD interaction, 
a biotinylated binding assay was established to evaluate the binding 
efficacy of ACE2 and RBD. The principle of the assay was shown as 
Fig. 1A. The binding amount of the biotin-labeled ACE2 to the RBD 
coated on the 96-well plate could be detected directly by the color 
change of the TMB solution. Similarly, the binding amount of the biotin- 
labeled RBD to the ACE2 coated on a 96-well plate could also be tested 

Fig. 1. Establishment of the method for evaluating the inhibitory activity on ACE2-RBD interaction. (A) Schematic diagram of the principle of biotinylated binding 
assay. (B) Validation of ACE2-RBD interaction by SPR. The 1:1 binding model was used to assess binding kinetics. (C) RBD was coated on a 96-well plate. (D) ACE2 
was coated on a 96-well plate. (E) Soluble recombinant ACE2 blocked the interaction between immobilized ACE2 and RBD. Data are shown as mean ± SEM of six 
independent assays. 
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by this method. To make sure the protein was active, the binding ki-
netics of ACE2 and RBD was measured by SPR, where recombinant 
human ACE2 was injected in two-fold serial dilutions over RBD immo-
bilized on the biosensor chip. Similar to the results reported in the 
previous literature (Lei et al., 2020), SARS-CoV-2 RBD could strongly 
bind to ACE2 with an affinity of 20.19 nM (Fig. 1B). In order to choose 
reasonable test conditions, we performed the 
concentration-corresponding evaluation separately. As shown in Fig. 1C, 
the OD (Optical density) value increased with the increasement of the 
concentration of the biotinylated ACE2, indicating that the ACE2 bound 
to the immobilized RBD in a dose-dependent manner. As shown in 
Fig. 1D, the RBD also bound to the immobilized ACE2 in a 
dose-dependent manner. Previous studies have shown that soluble re-
combinant human ACE2 could inhibit SARS-CoV-2 infection, and 
related clinical trials have already begun (Monteil et al., 2020). Here, 
soluble recombinant human ACE2 was tested by the binding assay as 
positive control of this method. As expected, soluble recombinant ACE2 
blocked the interaction between immobilized ACE2 and RBD with IC50 
of 7.87 nM (Fig. 1E). Here, a rapid and sensitive method for evaluating 
the inhibitory activity on ACE2-RBD interaction was established. 

3.2. Activity guided isolation of constituents interrupting the interaction 
between ACE2 and RBD from Ephedra sinica 

ESE was evaluated for its inhibitory efficacy on ACE2-RBD interac-
tion. The relative inhibition ratio was determined by the biotinylated 
binding assay. As shown in Fig. 2A, ESE could block the interaction 
between ACE2 and RBD with IC50 of 95.01 μg/mL. Then, we focused on 
finding biologically active molecules in ESE by activity guided isolation 

which has been proven to be an effective method to find biologically 
active molecules in natural products. Here, we performed HPLC to 
gradually separate the compounds in the ESE and tracked the biologi-
cally active ingredients persistently. As shown in Fig. 2B, an HPLC 
chromatogram of the ESE at a monitoring wavelength of 254 nm was 
established to identify as many compounds as possible. According to the 
retention time (RT) of the compound on the chromatographic column, 
the ESE was first divided into four fractions, namely F1 (RT 0–11 min), 
F2 (RT 11–32 min), F3 (RT 32–47 min), F4 (RT 47–75 min). These four 
fractions were tested in the binding assay for their inhibitory potential 
on ACE2-RBD interaction. As shown in Fig. 2C, only F1 (RT 0–11min) 
showed a significant inhibition effect (P < 0.05). Then F1 was sequen-
tially separated into eleven sub-fractions based on RT, namely F1.1- 
F1.11. It can be clearly found that F1.9 inhibited the binding of ACE2 
to RBD among these eleven sub-fractions (Fig. 2D). Then F1.9 was 
identified by HPLC-Q-TOF-MS/MS and NMR. The results were shown in 
Table 1 and Supplementary Figs. 2–4. Through comparison with liter-
ature and standard materials, it was identified as 4,6-dihydroxyquino-
line-2-carboxylic acid (compound 1). However, F1.9 showed a lower 
inhibitory percentage than the ESE on ACE2-RBD interaction, indicating 
that there were other ingredients in ESE which inhibited the binding of 
ACE2 to RBD. Therefore, according to the HPLC-Q-TOF-MS/MS data of 
ESE, two derivatives of compound 1 were found and identified by HPLC- 
Q-TOF-MS/MS and NMR. Through comparison with literature (STAR-
RATT and CAVENE, 1996) and standard materials, they were identified 
as 4-hydroxyquinoline-2-carboxylic acid (compound 2) and 4-hydrox-
y-6-methoxyquinoline-2-carboxylic acid (compound 3) respectively. 
The specific structures of three compounds (quinoline-2-carboxylic 
acids) were shown in Fig. 3A. 

Fig. 2. Activity guided isolation of constituents interrupting the interaction between ACE2 and RBD from Ephedra sinica. (A) The inhibitory efficacy of ESE on the 
interaction between SARS-CoV-2 RBD and ACE2. (B) The chromatogram of the ESE at a monitoring wavelength of 254 nm. (C) According to the retention time in the 
chromatogram, the ESE was divided into four fractions, and the relative inhibition rate was determined by the biotinylated binding assay experiment. (D) According 
to the retention time in the chromatogram, the ESE fraction 1 was subdivided into eleven sub-fractions, and the relative inhibition rate was determined by the 
biotinylated binding assay experiment. Data are shown as mean ± SEM of six independent assays. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 compared 
with solvent. 
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3.3. Quinoline-2-carboxylic acids were main active components in 
Ephedra sinica disrupting the interaction between ACE2 and RBD 

Components knock-out technology is a good method to identify the 
active ingredients in natural products (Liu, X et al., 2020a). Here, we 
prepared compounds 1–3 knock-out samples (ESE without compounds 
1–3), components knock-in samples (compounds 1–3 were added to the 
knock-out sample) and their HPLC chromatograms were shown in 
Fig. 3B. These fractions were tested in the binding assay for their 
inhibitory potential on ACE2-RBD interaction. As shown in Fig. 3C, 
compounds 1–3 blocked the interaction between ACE2 and RBD. How-
ever, the ability of knock-out sample to block the interaction between 
ACE2 and RBD was lost. Interestingly, this ability was restored to an 
equivalent level to ESE after knocking in compounds 1–3, indicating that 
compounds1-3 may be the main active ingredients in ESE on blocking 
the interaction between ACE2 and RBD. In order to evaluate the activity 

of disrupting ACE2-RBD interaction of different compounds, we opti-
mize the concentration of biotinylated ACE2 as described previously 
(Walker et al., 2020). The biotinylated ACE2 at the concentration of 
0.06 μg/mL showed a complete inhibition curve and appropriate 
response value (OD450) in the presence of soluble recombinant human 
ACE2 (Supplementary Fig. 5). As shown in Fig. 3D–F, on this optimal 
condition, compounds 1–3 blocked the interaction between SARS-CoV-2 
RBD and ACE2 in a dose-dependent manner with IC50 of 0.58 μM, 0.07 
μM and 0.15 μM with a complete blocking curve. There is no significant 
difference in the inhibitory activity of these three compounds. 

3.4. Quinoline-2-carboxylic acids inhibited ACE2-RBD interaction by 
directly binding to SARS-CoV-2 RBD 

To investigate the principle of the inhibitory efficacy on ACE2-RBD 
interaction, we further addressed the binding of compounds 1–3 with 

Table 1 
Retention time, MS data and NMR data for identification of PPI inhibitors in Ephedra sinica Stapf.  

Compound 
No. 

Retention time 
(min) 

[M+H] +
m/z 

Formula 1H NMR (500 MHz, DMSO) Identification 

1 8.4 206.0437 C10H7NO4 7.86 (d, J = 9.0 Hz, 1H), 7.39 (d, J = 2.5 Hz, 1H), 7.24 (dd, J = 8.9, 2.5 
Hz, 1H), 6.61 (s, 1H). 

4,6-dihydroxyquinoline-2-carboxylic 
acid 188.0337 

160.0386 
132.0426 

2 13.9 190.0487 C10H7NO3 8.09 (d, J = 7.5 Hz, 1H), 7.96 (d, J = 8.4 Hz, 1H), 7.70 (t, J = 8.2 Hz, 
1H), 7.37 (t, J = 7.5 Hz, 1H), 6.65 (s, 1H). 

4-hydroxyquinoline-2-carboxylic 
acid 172.0373 

144.0433 
116.0490 

3 24.7 220.0592 C11H9NO4 7.92 (d, J = 9.1 Hz, 1H), 7.47 (d, J = 2.9 Hz, 1H), 7.34 (dd, J = 9.3, 2.8 
Hz, 1H), 6.60 (s, 1H), 3.85 (s, 3H). 

4-hydroxy-6-methoxyquinoline-2- 
carboxylic acid 202.0491 

174.0546 
146.0595  

Fig. 3. Quinoline-2-carboxylic acids were main active components in Ephedra sinica disrupting the interaction between ACE2 and RBD. (A) The structure of 
quinoline-2-carboxylic acids in ESE. (B) Chromatograms of compounds 1–3, the knock-out sample and the knock-in sample. (C) The inhibitory efficacy of each 
fractions on ACE2-RBD interaction. (D–F) The inhibitory efficacy of compounds 1–3 on ACE2-RBD interaction. Data are shown as mean ± SEM of six independent 
assays. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 compared with solvent. 
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SARS-CoV-2 RBD or ACE2. As shown in Fig. 4A, three parallel experi-
ments were conducted. (I) 10 μM three Compounds (Cpds) were incu-
bated with immobilized SARS-CoV-2 RBD respectively and washed to 
remove the unbound part, then the relative amount of biotinylated ACE2 
was determined; (II) 10 μM Cpds were incubated with immobilized 
ACE2 respectively and washed to remove the unbound part, then the 
relative amount of biotinylated SARS-CoV-2 RBD was determined; (III) 
Biotinylated ACE2 was incubated with immobilized SARS-CoV-2 RBD 
and washed to remove the unbound part, then 10 μM Cpds were added 
respectively. Finally, relative amount of biotinylated ACE2 was deter-
mined. As shown in Fig. 4B, when compounds 1–3 were incubated with 
immobilized SARS-CoV-2 RBD, all the relative amounts of bound ACE2 
were significantly reduced compared with the solvent control group (P 
< 0.05). Correspondingly, when compounds were incubated with 
immobilized ACE2, the amounts of bound SARS-CoV-2 RBD did not 
change significantly compared with the solvent control group. These 
results indicated that the three compounds inhibited PPI by binding to 
SARS-CoV-2 RBD instead of ACE2. In addition, after adding compounds 
1–3 into combined ACE2 and RBD (Fig. 4A III), all the relative amounts 
of bound ACE2 were significantly reduced compared with the solvent 
control group (P < 0.05), indicating that the three compounds could also 
promote the dissociation of ACE2 and RBD. 

To further verify the above results, the direct binding between the 

compounds and proteins were analyzed by SPR assay. Compound 2 
bound to immobilized SARS-CoV-2 RBD in a dose-dependent manner. 
The KD value of compound 2 is 5.28 μM (Fig. 4C). While, compound 2 
displayed low or no binding with ACE2 (Fig. 4D). Similarly, as shown in 
Fig. 4E and F, the interactions between the other two compounds and 
the SARS-CoV-2 RBD were concentration dependent. The KD value of 
compound 1 was 0.60 μM and compound 3 was 5.37 μM. To evaluate 
whether compound 2 interfered with the binding interface of SARS-CoV- 
2 RBD, we performed an SPR inhibition assay. After incubating SARS- 
CoV-2 RBD with gradient concentration of compound 2, the mixture 
was injected over ACE2 immobilized on the biosensor chip. As shown in 
Fig. 4G, the binding of SARS-CoV-2 RBD to ACE2 was blocked by 
compound 2 in a dose-dependent manner. These findings suggested that 
compound 1–3 could block the ACE2-RBD interaction by directly 
binding to SARS-CoV-2 RBD at the binding interface. 

3.5. Molecular docking 

To investigate the molecular mechanism of their interference with 
SARS-CoV-2 RBD binding to the host cell receptor, molecular docking 
studies were performed. It is well known that the interface interaction 
between ACE2 and RBD plays a crucial role in its binding activity 
(Muhseen et al., 2020). The sequence of the RBM (438–508) shown in 

Fig. 4. Quinoline-2-carboxylic acids inhibited ACE2-RBD interaction by directly binding to SARS-CoV-2 RBD. (A) The time-of-addition experimental scheme. (B) The 
relative binding amount under different conditions. Compound 2 were injected in two-fold serial dilutions over SARS-CoV-2 RBD (C) or ACE2 (D) immobilized on the 
biosensor chip. Compound 1 (E) or 3 (F) were injected in two-fold serial dilutions over SARS-CoV-2 RBD immobilized on the biosensor chip. (G) Various amounts of 
compound 2 were incubated with 22.5 nM SARS-CoV-2 RBD at 37 ◦C for 1 h, then each mixture was injected over ACE2 immobilized on the biosensor chip. Data are 
shown as mean ± SEM of six independent assays. *P < 0.05, **P < 0.01, ***P < 0.001 compared with solvent. 
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Fig. 5A is considered particularly important for the binding of RBD to 
ACE2 (Yi et al., 2020). The tautomeric forms of the ligands were opti-
mized and determined as anionic form with quinolin-4(1H)-one skeletal 
structure rather than quinolin-4-ol tautomer form by the Epik program. 
The chosen tautomeric forms were likely to be the most stable forms in 
aqueous solution that was consistent with literature reported (Samanta 
et al., 2014; Lorinczi et al., 2020). The binding affinity and binding 
mode of the three compounds at the RBM were investigated. Glide was 
used as the molecular docking tool to investigate the RBM binding 
conformations of the compounds because of the good reproducibility of 
the conformations and accuracy in molecular docking and scoring. As 
shown in Fig. 5B, compounds 1–3 combined with the RBM of 
SARS-CoV-2 RBD at similar sites, also had similar glide emodel values 
(− 22.532, − 19.446, and − 21.824) and docking scores (− 4.052, 
− 4.098, and − 4.206), which may explain the reason that the inhibitory 
efficacy on ACE2-RBD interaction of three compounds were similar and 

the similar affinity determined by SPR. Compound 1 built two hydrogen 
bond interactions with Gln498 residue. Also, it formed three hydro-
phobic interactions (Tyr449, Phe497, and Pro499), a Pi-pi Stacking 
interaction (Tyr449), three polar interactions (Ser443, Asn450, and 
Gln498) and a negative charged interaction (Asp442) with SARS-CoV-2 
RBD (Fig. 5C). Compound 2 formed two hydrogen bond interactions 
(Gln498), a pi-pi stacking interaction (Tyr449), three hydrophobic in-
teractions (Tyr449, Phe497, and Pro499) and two polar interactions 
(Ser443 and Gln498) with SARS-CoV-2 RBD (Fig. 5D). Compound 3 
formed two hydrogen bond interactions (Gln498), two Pi-pi Stacking 
interactions (Tyr449), three hydrophobic interactions (Tyr449, Phe497 
and Pro499), three polar interactions (Ser443, Asn450 and Gln498) and 
a negative charged interaction (Asp442) with SARS-CoV-2 RBD 
(Fig. 5E). It was worth noting that Tyr449 and Gln498 were the key 
ACE2 binding residues that have been previously identified (Yi et al., 
2020). The combination of compounds 1–3 with these key amino acid 

Fig. 5. Molecular docking. (A) The sequence of RBM (438–508). Previously identified critical ACE2-binding residues are shaded in yellow. (B) Superimposition of the 
ligands and docked conformation of compounds 1–3. Three-dimensional and two-dimensional docking models of compound 1 (C), compound 2 (D) and compound 3 
(E) with SARS-CoV-2 (PDB: 6VSD) generated by Schrödinger Maestro chemical simulation software. 
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residues may be the reason for its inhibitory activity on the interaction 
between ACE2 and RBD. 

3.6. Quinoline-2-carboxylic acids abolished the infectivity of SARS-CoV- 
2 S protein-pseudoviruses to 293T-ACE2 and Calu-3 cells 

SARS-CoV-2 S protein-pseudoviruses infectivity was used to evaluate 
the inhibitory potential of compounds 1–3 in vitro. We first examined the 
cell toxicity to 293T-ACE2 cells of the compounds 1–3 and soluble 
human ACE2. As shown in Fig. 6A–D, all of them had no effect on cell 
viability of 293T-ACE2 cells even at the highest concentration (5 μM or 
180 nM). These substances shown low cytotoxicity and were safe within 

a certain concentration range. 293T-ACE2 cells were infected with S 
protein-pseudoviruses in the presence or absence of different com-
pounds. As shown in Fig. 6E, the expression of green fluorescent protein 
in 293T-ACE2 cells significantly reduced caused by 5 μM compounds1-3 
or 180 nM ACE2 in the images photographed by a fluorescence micro-
scope (20 × ), indicating that they inhibited the entry of S protein- 
pseudoviruses into 293T-ACE2 cells. In addition, as shown in Fig. 6F, 
the positive control recombinant ACE2 inhibited the entry of S protein- 
pseudoviruses into 293T-ACE2 cells in a dose-dependent manner with 
IC50 of 69.62 nM. Obviously, as shown in Fig. 6G–I, compounds 1–3 also 
effectively inhibited the infectivity of pseudoviruses with IC50 of 1.09 
μM, 0.44 μM and 0.75 μM, respectively. Similarly, Calu-3 cells were 

Fig. 6. Quinoline-2-carboxylic acids abolished the infectivity of SARS-CoV-2 S protein-pseudoviruses to 293T-ACE2 cells. After incubating with recombinant ACE2 
(A), compound 1 (B), compound 2 (C) and compound 3 (D) for 24 h, cell viability was detected by MTT assay. (E) SARS-CoV-2 S protein-pseudoviruses entered into 
293T-ACE2 cells. Images were photographed at × 20 magnification using the fluorescence microscope. (F–I) The fluorescence signal was measured with a fluorescent 
microplate reader. Data are shown as mean ± SEM of six independent assays. 
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infected with S protein-pseudoviruses in the presence or absence of ESE, 
compound 2 or soluble human ACE2 respectively. As shown in Sup-
plementary Fig. 1, ESE and compound 2 also abolished the infectivity of 
SARS-CoV-2 S protein-pseudoviruses to Calu-3 cells. These findings 
indicated that quinoline-2-carboxylic acids were novel compounds that 
were able to reduce the infectivity of SARS-CoV-2 S protein- 
pseudoviruses to 293T-ACE2 and Calu-3 cells. 

4. Discussion 

TCMs as great resource of bioactive natural products are widely used 
to treat COVID-19 (Xian et al., 2020). However, the active ingredients 
and molecular mechanisms still need to be clarified. In the present study, 
we confirm for the first time that quinoline-2-carboxylic acids in Ephedra 
sinica can disrupt ACE2-RBD interaction and inhibit the entry of 
pseudoviruses. 

We initially performed biotinylated binding assay to determine 
whether ingredients from TCMs could disrupt ACE2-RBD interaction 
(Fig. 1A). We found that the ESE displays significant inhibitory activity 
(Fig. 2A). We initially used activity guided isolation and components 
knock-out technology to identify inhibitors of ACE2-RBD interaction 
from ESE (Figs. 2D and 3C). In this study, we demonstrated that 4,6- 
dihydroxyquinoline-2-carboxylic acid, 4-hydroxyquinoline-2-carboxylic 
acid and 4-hydroxy-6-methoxyquinoline-2-carboxylic acid were main 
active components in Ephedra sinica blocking ACE2-RBD interaction 
(Fig. 3D–F). However, the relative inhibition ratio of the mix of com-
pounds 1–3 was lower than ESE (Fig. 3C), that means there are other 
components disrupting the interaction. That is consistent with the 
literature (Lv et al., 2021). 

It is worth noting that ESE and the active ingredients not only pre-
vent the ACE2-RBD interaction, but also promote the dissociation of the 
S protein that has bound the receptor (Fig. 4A III, B). It means that 
quinoline-2-carboxylic acids are possible to play crucial roles in the 
treatment and prevention of viruses’ invasion at the same time. Inter-
estingly, 4-hydroxyquinoline-2-carboxylic acid (kynurenic acid) is one 
of the metabolites in human, the latest research showed that the content 
of kynurenic acid in serum of patients with COVID-19 was higher than 
that in negative controlled patients (Thomas et al., 2020). In our study, it 
was confirmed that kynurenic acid could disrupt ACE2-RBD interaction, 
which may be related to self-antiviral mechanism. 

Traditionally, ephedrine and pseudoephedrine were considered to be 
the main active ingredients in Ephedra sinica but the serious side effects 
of these compounds restricted the clinical use of ephedra (Anderson, 
2018; Wei et al., 2019). Here we proved that three trace components in 
Ephedra sinica not only inhibited the PPI between ACE2 and RBD but also 
effectively blocked the invasion of pseudovirus in vitro. We put forward a 
new point of view for the rational use of Ephedra sinica and also prove 
that activity guided isolation is a good strategy for the discovery of 
bioactive microconstituents in natural products. 

We further demonstrated that quinoline-2-carboxylic acids inhibited 
PPI by directly binding to SARS-CoV-2 RBD instead of ACE2 (Fig. 4C and 
D). Based on the molecular docking and SPR assay, we speculated that 
these compounds might bind to interface between ACE2 and RBD that 
contributes to the disruption of the PPI. The structure of quinoline-2- 
carboxylic acid is important for the study on the inhibitory activity. 
The amidogen and carboxyl groups have two strong hydrogen in-
teractions with Gln 498 (Fig. 5). These interactions might verify that 
quinoline-2-carboxylic acids have potent inhibitory activity against 
SARS-CoV-2. 

The entry of virus into the cells is a critical step in the process of virus 
infection. However, SARS-CoV-2 related researches were greatly limited 
by the regulation that the safety level of the laboratory for direct 
research using virus strains need to achieve 3 or higher. The study on 
pseudoviruses made the conduct of researches safer and much more 
efficient. The surface of the pseudoviruses expresses the SARS-CoV-2 
Spike protein and the viruses carry both the GFP and Luciferase 

reporter genes (Chen et al., 2018). Therefore, the activity of the 
pseudoviruses-infected cells can be evaluated by observing the fluores-
cence signal and detecting the luciferase activity. We confirm that 
quinoline-2-carboxylic acids have the ability to suppress the entrance of 
SARS-CoV-2 S protein-pseudoviruses into 293T-ACE2 and Calu-3 cells 
(Fig. 6, Supplementary Fig. 1). Thus, quinoline-2-carboxylic acids could 
be good inhibitors to block SARS-CoV-2 infection of human 
ACE2-expressing cells. 

5. Conclusions 

Three quinoline-2-carboxylic acids including 4,6-dihydroxyquino-
line-2-carboxylic acid, 4-hydroxyquinoline-2-carboxylic acid and 4-hy-
droxy-6-methoxyquinoline-2-carboxylic acid in Ephedra sinica were 
identified as novel active constituents which blocked both the binding of 
SARS-CoV-2 RBD to ACE2 and the infectivity of SARS-CoV-2 S protein- 
pseudoviruses to 293T-ACE2 and Calu-3 cells. These findings suggested 
that quinoline-2-carboxylic acids could be considered as potential 
therapeutic compounds in the treatment of COVID-19. Further, this 
study provided some justification for the ethnomedicinal use of Ephedra 
sinica for COVID-19. 
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